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ABSTRACT 



The actions of marijuana (cannabis) are mediated by receptors (primarily the cannabinoid 
CBj receptor) that have unusually high density and wide distribution in brain. In addition to 
mediating the effects of exogenous drugs like cannabis, these receptors also receive signals 
from endogenous cannabinoids (endocannabinoids), which modulate the release of several 
other neurotransmitters. Since abnormalities of cannabinoid receptors and endocannabinoid 
transmission have been hypothesized to underlie disorders of the brain (e.g., memory 
impairment, schizophrenia, and seizures), this neurotransmitter system has been an active target 
for development of drug therapies and of biomarkers to measure its in vivo function. Positron 
emission tomography (PET) can image the distribution of receptors in the body, is a powerful 
tool for drug development, and can quantify the receptor as a biomarker to assess 
pathophysiology. The purpose of this thesis was to evaluate several candidate PET radioligands 
for their relative ability to quantify CBi receptors in the living brain of animals and humans. 

We first assessed [ u C]MePPEP as a PET radioligand through studies in rodents. Wild- 
type and genetically modified mice were used to determine that [ u C]MePPEP is not a substrate 
for the P-glycoprotein efflux transporter and that the majority (about two-thirds) of its binding 
in brain is specific to the CB] receptor. Pharmacologically active doses of CB! agonists had no 
effect on [ n C]MePPEP in rats, which suggests a large CB] receptor reserve. Pharmacokinetic 
modeling of CBj receptors using brain radioactivity and measurements of radioligand in arterial 
plasma yielded stable measures after 70 minutes of scanning. The results suggest that 
[ H C]MePPEP might be successful in humans, although competition studies with 
endocannabinoids would not be possible, and radiometabolites might cause consistent 
overestimation of CBi receptor density. 

Second, we examined ["CJMePPEP in healthy human subjects using the "gold standard" 
of compartmental modeling to quantify receptor density in brain. ["CJMePPEP had high uptake 
in brain, could be imaged for 210 minutes, and could quantify CBj receptors within about 60 
minutes of scanning. However, the accuracy and precision of the pharmacokinetic modeling 
hinged upon the accuracy of radioligand measurements in arterial plasma. A radioligand with a 
longer radioactive half-life, such as from 18 F, would be expected to provide superior 
measurements in arterial plasma. 

We then evaluated several 18 F-radiolabeled analogues of MePPEP in monkey. 
[ l8 F]FMPEP-d 2 was selected for study in human due to its superior uptake in brain compared to 
[ l8 F]FEPEP, and reduced uptake of radioactivity in bone compared to [ 18 F]FMPEP. In humans, 
[ l8 F]FMPEP-d 2 could image and quantify CB] receptors with better accuracy and precision 
compared to that of [ n C]MePPEP. As suspected, the accuracy in measuring radioligand in 
arterial plasma was the critical improvement needed in the pharmacokinetic modeling. 

Finally, we examined the biodistribution and radiation dosimetry estimates in human for 
["CJMePPEP and [ 18 F]FMPEP-d 2 . Both radioligands had high uptake in brain, liver, and lungs, 
and both had significant uptake of radioactivity in bone marrow, but not in bone. Regardless, 
both radioligands have an effective dose similar to that of other clinically used PET 
radioligands. 

In conclusion, we have shown that both [ n C]MePPEP and [ 18 F]FMPEP-d 2 can quantify 
CB! receptors in brain. However, [ 18 F]FMPEP-d 2 is superior to [ H C]MePPEP because it has 
greater precision and accuracy. Thus, [ 18 F]FMPEP-d 2 is a promising PET radioligand to 
measure CBi receptors in vivo, and can now be used to explore the role of this receptor in 
human health and disease. 
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INTRODUCTION 

Cannabis has been used for its medical and psychotropic effects for thousands of years, 
and remains the most commonly used illegal drug in the world today 1 . However, the 
molecular underpinnings that mediate the effects of cannabis and its principle 
component, A 9 -tetrahydrocannabinol (A 9 -THC), have only recently been uncovered. 
Cannabinoid receptors are found throughout the brain, the immune system, and various 
organs, and receive signals from endogenous cannabinoids (endocannabinoids), and 
serendipitously from A 9 -THC. In the brain, endocannabinoids function to modulate 
other neurotransmitters. Therefore, perturbations to the endocannabinoid system can 
either cause, or be the result of, disrupted brain function (e.g. memory impairment) or 
neuropsychiatry disease (e.g. schizophrenia or seizures). Hence, cannabinoid receptors 
are an attractive target for pharmacotherapy development and biomarker research to 
enhance our understanding of these diseases and their treatment. Positron emission 
tomography (PET) can image the distribution of receptors in the body, is a powerful 
tool for drug development, and can quantify the receptor as a biomarker to assess 
pathophysiology. 

ENDOCANNABINOID SYSTEM 

Cannabinoid receptors are named for their historical association to the cannabinoid 
compounds that bind to them, which themselves are derived from genus of Cannabis 
plants. The endocannabinoid system refers to these receptors, their endogenous ligands, 
and associated enzymes, transporters, and carriers that exist in the body and function in 
an integrated manner. In the brain, the endocannabinoid system inhibits the actions of 
other neurotransmitters systems and, in effect, buffers excitatory and inhibitory 
signaling. 

Cannabinoid receptors 

Cannabinoid receptors are G protein-coupled receptors (GPCR), which are seven- 
transmembrane domain proteins that mediate intracellular actions through guanosine- 
5 '-triphosphate (GTP) activated mechanisms 2 . When stimulated, the receptor signals 
intracellular proteins that initiate a cascade of events altering cellular function. The 
resulting changes vary by cell type, and can include increased or decreased activation 
of many other proteins, opening or closing ion channels, and regulation of genetic 
transcription 3 . The net effect of these changes typically has consequences on 
intercellular signaling and connectivity, metabolism, and inflammation, to name a few. 

The first cannabinoid receptor discovered, named CBi, is primarily found in the brain 
and mediates the psychotropic effects of cannabis. This receptor has come to 
prominence not only for its association with cannabis, but also for its involvement in a 
multitude of diseases and as a target for pharmacotherapy. The second receptor 
discovered, named CB2, is primarily associated with the immune system. There is only 
48% amino acid homology between CBj and CB 2 receptors, however their 
transmembrane domain share 68% amino acid homology 4 . Since most agonists activate 
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both CBi and CB2 receptors, it is not surprising that the active binding site resides in 
the transmembrane domain 5 ' 6 . However other cannabinoid effects have been observed 
when agonists are administered to rodents after CB| and CB 2 receptors are blocked, 
suggesting the existence of other cannabinoid receptors. Recently, GPR55 has been 
proposed as a CB 3 receptor, since it has affinity for THC and endocannabinoids 6 . 
Likewise, members of the transient receptor potential family of ion channels (TRPV1, 
TRPA1, and others) are sensitive to cannabinoid agonists, although they are not 
considered part of the cannabinoid family at present 2 . 

The CBi receptor can be found in sea squirts, fish, reptiles, and all mammals, and likely 
co-evolved with the rest of the endocannabinoid system 8 " 10 . This suggests that the 
endocannabinoid system in mammals is evolutionarily ancient 11 . It may be surprising, 
therefore, that genetic deletion of CBi receptors in mice is not lethal, although it may 
cause a reduction in lifespan. These CB| receptor knockout mice demonstrate generally 
reduced activity, described as hypoactivity, hypolocomotion, hypophagia, and 
hypoalgesia 12 ; interestingly, these mice also demonstrate reduced signs of addiction to 
drugs of abuse 13 . In human the CBi receptor is encoded by the CNR1 gene on 
chromosome 6 ql4-ql5, and is expressed by a single exon 14 . An uncommon splice 
variant of the mRNA has been discovered, but it is unclear if this leads to functionally 
distinct CB ia and CBi b receptors 15 . Several single nucleotide polymorphisms of CNR1 
have been associated with psychiatric 16 and metabolic 17 diseases. Across mouse, rat, 
and human there is >97% amino acid homology 18 , suggesting the rodents are 
appropriate models for studying CBi receptors. 

CBi receptors are found throughout the human body, with the highest concentration in 
the brain. They are believed to be the highest density GPCR found within the brain, 
estimated from the receptor density (B max ) measured in mice (1.81 pmol/mg) 19 and rat 
cerebella (1752 fmol/mg protein) 20 , at concentrations near that of amino acid 
neurotransmitters. CBi receptors are found in nearly every brain structure, with 
particularly high densities in basal ganglia, hippocampus, cerebral cortex, and the 
molecular layer of the cerebellum. They are expressed in lower densities in thalamus, 
pons, and medulla, and essentially absent in white matter 21 ' 22 . While CBi receptors are 
mostly expressed on neurons, they are also found on astrocytes, oligodendrocytes, and 
microglia 23 . Outside of the brain, CBj receptors are found in the liver, gastrointestinal 
tract, peripheral neurons, and heart, as well as on adipocytes, myocytes, and sperm in 
addition to many other tissues 24 . The function of CB| receptors outside of the brain may 
vary by tissue, and is beyond the scope of this thesis. 



Cannabinoid ligands 

The sine qua non cannabinoid is A 9 -tetrahydro- 
cannabinol (A 9 -THC) (Fig. 1). Even though the j "j 9H 
active ingredient in opioids, morphine, was 
isolated by 1804, it was not until 1964 that 

Raphael Macholoum was able to isolate the main ' / ^ : ^n/\/ a \ 

psychoactive ingredient in cannabis, A 9 -THC 5 . 

Due to its high lipophilicity and its multiple wide- Figure 1. Structure of A 9 -THC 
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Figure 2. Structures of two endocan- 
nabinoids (anandamide, 2-AG), two 
cannabinoid agonists (CP-55940, WIN 
55,212-2), and a CB, receptor-selective 
inverse agonist (riraonabant) 



ranging effects, A -THC was believed to act 
primarily by disturbing the plasma membranes 
of neurons. Shortly after the structure of A 9 - 
THC was elucidated, it was demonstrated that 
cannabinoid stereoisomers had differential 
effects, suggesting that there was a specific 
protein receptor 26 ' 27 . It was another 26 years 
before that receptor was discovered. Currently 
there are more than 60 recognized cannabinoids 
derived from plants, which are termed 
phytocannabinoids. 

Discovery and cloning of the CBi receptor 28 
prompted the search for the endogenous 
ligand(s) that activate it. Arachadonoyl- 
ethanolamine was the first of such to be 
identified 29 , and was nicknamed anandamide, 
derived from the Sanskrit word "ananda" 
meaning bliss (Fig. 2). This discovery was 
quickly followed by the identification of 2- 
arachidonoyl glycerol (2-AG) 30 . Several other 
arachidonic acid derivatives have been 
identified as endocannabinoids, including N- 
arachidonoyl -dop amine 3 1 , 2-arachidonyl 
glyceryl ether (noladin ether) 32 , and O- 
arachidonoyl ethanolamine (virodhamine) 33 , 
bringing the count to about 12 recognized 
compounds 34 . Anandamide and 2-AG are the 
most heavily studied endocannabinods, and are 
likely the most relevant ones to the 
endocannabinoid system in the brain. Acting 
alone they can behave as partial agonists, 
triggering different subsets of alpha proteins 
found coupled to the cannabinoid receptors 3 ' 3 , 
but working together they can achieve the full 
agonist response; this functional selectivity 
likely increases the specificity of their effects in 
vivo. 



Elucidation of the structure of cannabinoids 
afforded organic chemists the means to create 
analogues that have higher binding affinity (increased potency) and higher selectivity 
compared to the naturally occurring cannabinoids. There are six main classes of 
cannabinoids: classical cannabinoids (e.g., A 9 -THC), non-classical cannabinoids (e.g., 
CP-55,940), hybrid cannabinoids, aminoalkylindoles (e.g., WIN 55,212-2), 
diarylpyrazoles (e.g., rimonabant), endocannabinoids (e.g., anandamide) 37 . The first 
three are agonists and are essentially comprised of A 9 -THC, its natural and synthetic 
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analogs. The majority of these compounds are non-selective for CBi and CB2 receptors, 
although many of them are stereoselective. Notably, CP-55,940 has nearly 45 times 
higher potency for CB[ receptors than A 9 -THC, and higher efficacy in many in vitro 
assays 38 . WIN 55,212-2, an aminoalkylindole, is structurally distinct from the classical 
cannabinoids, as it was independently discovered as a potential non-steroidal anti- 
inflammatory drug (NSAID) 39 , and is less lipophilic than other cannabinoid agonists. 

Rimonabant was the first inverse agonist to offer significant CBi receptor selectivity 40 . 
CBi receptors have intrinsic activity, meaning that they can initiate intracellular 
signaling in the absence of an agonist 35 . Therefore, CBi receptors are sensitive to 
inverse agonism; that is, inverse agonists inhibit the intrinsic activity of the receptor 
and cause an apparent reversal of intracellular activity 41 . However, this mechanism has 
been debated against experimental evidence which suggests constituitive activity of 
endocannabinoids tonically stimulate CBi receptors, and so this phenomenon is not 
completely understood 42 . Nevertheless, compounds such as rimonabant demonstrate 
inverse agonism and are able to block endogenous signaling. 



Neurotransmission of endocannabinoids at the CBi receptor 

A major role of the CBi receptors is their action on neuromodulation in the brain. When 
a presynaptic neuron is stimulated by excitatory signals, calcium channels located near 
the synaptic membrane are triggered to open, letting calcium into the neuron (Fig. 3a). 
The increased concentration of calcium stimulates the mobilization of vesicles 
containing neurotransmitters, which then fuse with the synaptic membrane. The 
presynaptic neuron releases neurotransmitter such as GABA, glutamate, or dopamine, 



Presynaptic neuron 



Post-synaptic neuron 




Figure 3a. Endocannabinoid release into the synapse. Entry of calcium into the presynaptic neuron 
triggers the release of neurotransmitters (■) such as GABA, glutamate, or dopamine from storage 
vesicles into the synapse. After the neurotransmitter binds to its native receptor, intracellular signals 
result including the stimulation of NAPE-PLD to synthesize anandamide, and/or the stimulation of DAG- 
L to synthesize 2-AG. The endocannabinoids are released into the synapse and travel back toward the 
presynaptic neuron in a process termed retrograde neurotransmission. 
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which travels to its native receptor on the post-synaptic membrane. Synthetic enzymes 
are stimulated to create and release endocannabinoids, such as anandamide. The 
endocannabinoid then travels back to the presynaptic neuron and bind with CBi 
receptors, a process termed retrograde neurotransmission. Typically, the 
endocannabinoid signal causes the inhibition of adenylyl cyclase which in turn causes 
the calcium channels to close, decrease the amount of primary neurotransmitter 
released from the presynaptic neuron. 

In contrast to most vesicle stored neurotransmitters, endocannabinoids are produced on 
demand directly from membrane -bound phospholipids. The synthetic enzymes of 
endocannabinoids are located in the synaptic membrane, and are likely part of a 
complex and redundant system of pathways. In the case of anandamide, JV-acyl- 
phosphatidylethanolamine-selective phospholipase D (NAPE-PLD) 43 , abhydrolase 
domain-containing protein (ABHD4) 44 , and protein tyrosine phosphotase, non-receptor 
type 22 (PTPN22) 45 have been described as relevant synthetic enzymes. 2-AG is 
known to be synthesized by diacyglycerol lipase alpha and beta (DAGLa and 
DAGL(3) 46 . These enzymes are likely stimulated by the increase of intracellular calcium 
or depolarization of the postsynaptic neuron. 

Endocannabinoids translate their effect through cannabinoid receptors primarily by G; 
and G subtype proteins (Fig. 3b). These in turn inhibit adenylyl cyclase, decreasing the 
production of cAMP, which reduces further activation of other intracellular proteins, 
such as protein kinase A (PKA)\ These signals have the effect of closing calcium 
channels, which reduces the influx of calcium and the mobilization of vesicles 
containing neurotransmitters. Cannabinoid receptors also stimulate G protein activated 



Presynaptic neuron 



Post-synaptic neuron 




Anandamide 




Figure 3b. Endocannabinoid signaling and degradation. After traveling from the post-synaptic neuron to 
the pre-synaptic neuron, the endocannabinoid (anandamide, 2-AG) may bind with the CB , receptor. The 
resulting effects include inhibition of adenylyl cyclase (AC) by the inhibitory G protein (Gj), closing of 
the calcium channel which inhibits neurotransmitter (■) release, and opening of the G protein-coupled 
inwardly rectifying potassium channel (GIRK). Excess anandamide may be taken up by the 
endocannabinoid transporter (ET) and hydrolyzed by fatty acid amide hydrolase (FAAH) into 
arachadonic acid (AA) and ethanolamide (EA), which are recycled by the synaptic membrane. Excess 2- 
AG undergoes a similar process, and is degraded by monoglycerol lipase (MAGL). 
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inward rectifying potassium channels, which have the added effect of repolarizing the 
neuron, further inhibiting neurotransmitter release. In some cells, CBi receptors are 
coupled to G s proteins, which stimulate adenylyl cyclase, while in others they mediate 
the rapid actions of glucocorticoids in the brain 47 , and cytokine signaling in the brain 48 . 
Other effects of CBi stimulation, such as activation of mitogen activated protein (MAP) 
kinase and peroxisome proliferator-activated receptor (PPAR) gamma leading to gene 
expression 49 , are still being uncovered and understood by researchers. 

Neuromodulation mediated by the endocannabinoid system has effects on synaptic 
plasticity, learning, and memory. By inhibiting the excitatory or inhibitory signal that 
ultimately gets transmitted, endocannabinoids can facilitate the long-term potentiation 
(LTP) or long-term depression (LTD) between two neurons 50 . Both LTP and LTD 
contribute to the formation and storage of memory, and underlie the process of 
learning. The process of learning and memory formation likely depend on the timing 
and location of endocannabinoid release, which permits the extinction of previous 
memories 51 . Therefore, global stimulation of CBi receptors, as from cannabis, 
interrupts the local formation of LTP and LTD and delays learning and memory. 

All neurotransmitter systems have a mechanism for neurotransmitter degradation, and 
the endocannabinoid system is no exception. Indirect evidence supports the presence of 
an endocannabinoid transporter on post-synaptic membranes, however no protein 
structure has been elucidated to confirm its existence 52 . Catabolic enzymes for the 
endocannabinoids are found intracellularly, are typically associated with the putative 
transporter, and are probably delivered endocannabinoids by a protein carrier 53 . Fatty 
acid amide hydrolase, expressed in two versions (FAAH and FAAH2) 54,55 , is 
responsible for the breakdown of anandamide into arachadonic acid and ethanolamine. 
FAAH is found in particularly high concentrations in the hippocampus, cortex, and 
cerebellum 56 , suggesting that anandamide is more tightly controlled in those regions. 
To a lesser extent, anandamide is also catabolized by yV-acylethanolamine acid amidase 
(NAAA) 57 . 2-AG is broken down by monoacylglycerol lipase (MAGL) 58 and 
cyclooxygenase-2 (COX-2) 59 . In addition to the better known prostaglandins, COX-2 is 
also responsible for the creation of prostacannabinoids, which are themselves an active 
area of study 60 . 

Pathologies associated with CBi receptors 

Due to the high density of CB i receptors in the brain, their distribution throughout the 
body, and the use of cannabis for its medicinal qualities since ancient times, it should 
not be surprising the CBi receptors have been implicated in several diseases. These 
diseases range from those in the central nervous system (CNS), to metabolic processes, 
to cancer 61 . The precise mechanism by which the endocannabinoid system and CBi 
receptors are involved in these diseases is complex and difficult to elucidate, as they 
could be either causing the pathologic process or responding to it in compensation of 
the primary cause. Nevertheless, several diseases are currently being investigated for 
their association with CBi receptors, which may provide new avenues for 
pharmacotherapy. 
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The psychoactive and mood altering nature of cannabinoid agonists was an early 
indication that CBi receptors may be involved in psychiatric disorders. The localization 
of CBi receptors in the limbic and cerebral cortex suggest that they may be involved in 
anxiety and mood disorders. Cannabis abusers have long observed the dose dependent, 
bidirectional effects that cannabis can have, producing euphoria and relaxation at small 
to moderate doses, and dyphoria and anxiety at higher doses 62 . Other factors, such as 
local environment and mood previous to cannabis administration can also affect this 
bidirectional phenomenon. These effects are likely due in part to CBi receptor mediated 
inhibition of GABA at lower concentrations, and glutamate at higher 
concentrations 63 ' 64 . Pharmacological blockade and genetic deletion in rodents is thought 
to cause symptoms similar to depression 65 , and indeed depression and suicidal thoughts 
was the cause for failure of CBi inverse agonists in humans (discussed below). In 
addition, a recent study has shown that polymorphisms in CNR1 are associated with 
depression 16 . 

The role of CBi receptors in addiction has long been debated. As previously mentioned, 
mice lacking CBi receptors by genetic deletion do not demonstrate addiction to 
opioids 13 . Similarly, in models of alcohol dependence in rats, blocking CBi receptors 
has been shown to reduce intake of alcohol 66 . Similar findings have been found using 
other models of addiction 67 , and are likely mediated by the endocannabinoid 
modulation of glutamatergic neurotransmission and dopamine release in the nucleus 
accumbens. 

For many years case reports and anecdotal evidence existed for a correlation between 
cannabis use and schizophrenia. Often this correlation was bridged by the similarities 
of psychosis experienced by some cannabis abusers and schizophrenic patients 68 . A 
large study conducted in New Zealand uncovered a genetic susceptibility for those who 
experience psychosis after using cannabis to later develop schizophrenia 69 . A more 
recent study has shown a correlation between frequency of cannabis use with a lower 
age of diagnosis 70 . Other implications of the endocannabinoid system in schizophrenia 
include altered CBi receptor density in the corticolimbic region of schizophrenic 
patients, and sensitivity of neuregulin 1 protein to cannabinoids 71 . 

The particularly high density of CBi receptors in the basal ganglia as well as the classic 
cataleptic response from agonists has implicated CBj receptors in movement and 
neurological disorders. The neuromodulatory effects of the endocannabinoid system are 
responsible for striking a balance between excitation and inhibition, as can be 
illustrated in Parkinson's and Huntington's diseases, and in epilepsy. Parkinson's 
disease is defined by a decrease in voluntary movement due to insufficient dopamine 
signaling in the striatum, and is treated with dopamine replacement, which itself can 
cause dyskinesia. Early in the disease CBi receptor density is decreased, likely as a 
compensatory mechanism to rescue the decreased dopamine release. Late in the 
disease, endocannabinoid signaling is markedly increased, this time in compensation 
for overexcitation from other inputs in the brain 72 . Huntington's disease is marked by 
involuntary movements (chorea) and muscle spasms (dystonia), in addition to 
dementia, all of which emanate from degeneration in the cerebral cortex and basal 
ganglia. Decreased CBi receptor density and signaling has been well documented in 
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Huntington's disease , and likely contributes to the over excitatory signaling. In the 
case of epilepsy, an uncontrolled excitatory signal, such as from glutamate, can lead to 
an epileptic seizure. Thus it can be surmised the insufficient endocannabinoid activity 
could contribute to this uncontrolled release of glutamate, which indeed appears to be 
the case 74,75 . 

The hyperphagia associated with cannabinoids has been documented since ancient 
times, and thus the endocannabinoid system has become a target for metabolic 
disorders in modern times. The initial rationale for developing a CBi receptor 
antagonist or inverse agonist was to simply block or reverse the natural appetite 
stimulating property of CB| receptor activation, thereby reducing weight. After further 
development of pharmacotherapy, it was discovered that inverse agonists for the CB i 
receptor also improved symptoms and biomarkers for metabolic syndrome in addition 
to decreasing appetite. Studies in rodents have further established that acute weight loss 
occurs by CBi receptors blocked in the brain and reduced food intake, but after 
approximately one week continued weight loss was achieved by receptors blocked in 
the periphery and increased metabolism 76 ' 77 . Other studies have suggested that CBi 
receptors are dysregulated in some genetic causes of obesity 78 , or after a continuous 
high fat diet 79 . 

Development of pharmacotherapy 

Humans have sought to master the therapeutic benefits possible through cannabinoid 
receptors for thousands of years. Cannabis has been smoked and consumed in its raw 
form for at least 3,000 years, was long used as an appetite stimulant, analgesic, anti- 
inflammatory, and decongestant, and was used to treat conditions ranging from 
headaches to malaria 80 . By the nineteenth century many pharmacists attempted to 
isolate and purify the active ingredients of cannabis, since the dosing and effects of the 
drug were highly variable in its raw form. However, unlike other drugs successfully 
extracted from plants such as quinine, morphine, and cocaine, cannabis extract is very 
sticky and lipophilic, making it difficult to isolate and crystallize individual 
components. By the early twentieth cannabis extracts that contained inconsistent 
amounts of cannabinoids were available as syrups, tinctures, and pills 81 , however 
pharmaceutical development then slowed when marijuana was designated a controlled 
substance and more reliable medicines became available. 

Improved chemical methods of chromatography and spectroscopy permitted the 
isolation and identification of the active components of cannabis. The modern age of 
cannabinoid pharmacology began in 1964 when Gaoni and Mechoulam identified A 9 - 
THC as the pharmacologically relevant compound in cannabis 25 . Around the same time 
cannabinoids with various potencies and receptor selectivity, such as cannabinol and 
cannabidiol, were also discovered. This led to a resurgence of interest in using 
cannabinoids for clinical remedies. Dronabinol (A 9 -THC) is currently indicated for 
appetite stimulation in AIDS, and for nausea and vomiting associated with cancer 
chemotherapy. Sativex®, a spray containing A 9 -THC and cannabidiol in nearly equal 
amounts, has been approved for use in multiple sclerosis and as an adjunct analgesic for 
cancer associated pain. Additional indications for cannabinoids are currently under 
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research. Meanwhile, acceptance of smoked cannabis for medical purposes is growing 
in the United States, with 13 states currently permitting licensed use of the drug. 

The development of highly selective inverse agonists for the CBi and CB 2 receptors 
provided a means to avoid the poor selectivity and psychotropic effects associated with 
agonists, and initiated a new mechanism of therapy. Rimonabant (Sanofi-Aventis), the 
first selective CBj receptor inverse agonist 40 , was available in Europe for the treatment 
of obesity with metabolic comorbidity. Several clinical trials 82 " 86 demonstrated 
significant weight loss when patients were given rimonabant combined with a calorie- 
reduced diet, in addition to increased HDL, decreased triglyceride levels, decreased 
hemoglobin Ale, increased circulating adiponectin, and increased lipoprotein particle 
size, all of which are improvements of comorbid biomarkers for obesity and insulin 
resistance. Additional trials investigating rimonabant for use in alcohol dependence 87 or 
smoking cessation 88 have showed favorable effects, however the results were either 
insignificant or inconclusive. Unfortunately, nearly all of these trials reported 
significant adverse effects including depression, anxiety, and intolerable 
gastrointestinal effects. The psychiatric side effects were of concern to the Food and 
Drug Administration (FDA), and were the reason why rimonabant was not approved 
for use in the United States until additional data was collected 89 . After additional data in 
Europe was collected regarding the efficacy and side effects of rimonabant in clinical 
practice, the risk to benefit profile of the drug became unfavorable. Subsequently, the 
European Union suspended rimonabant from the market. Another inverse agonist for 
the CBi receptor in clinical trials, taranabant (Merck), demonstrated a dose dependent 
response to the same adverse effects. Taranabant is structurally different from 
rimonabant, suggesting that these side effects were mechanism dependent and not 
specific to rimonabant. In response, Merck and several other pharmaceutical companies 
withdrew their compounds from clinical development 90 . 

These events may appear to be a setback for cannabinoid pharmacology, however 
several new approaches are under development. While the initial rationale for CBj 
receptor blockade was to decrease appetite in the brain, inverse agonists had favorable 
effects on metabolic processes which were likely mediated by peripheral CBi 
receptors 91 . Thus, an inverse agonist for the CBj receptor that is peripherally restricted, 
such as JD-2114 or JD-5006, should mediate the favorable metabolic effects, while 
avoiding the intolerable psychiatric effects 92 . Other approaches to CBi 
pharmacotherapy, such as the inhibition of endocannabinoid metabolism, are currently 
under development and may provide another avenue for treatment in anxiety and 
depression. Currently, URB597, a FAAH inhibitor, is being investigated in clinical 
trials, and has shown promise in rodents and monkeys 93 . It is interesting to note that we 
may have been unwittingly using pharmacotherapy targeting the endocannabinoid 
system for over 50 years. Acetominophen (paracetamol), a widely used pain reliever 
which has long lacked an understood mechanism, is metabolized in vivo into AM404, 
an inhibitor of the putative endocannabinoid transporter known to reduce pain 94 ' 95 . 

Our understanding of the endocannabinoid system, its role in disease, and its 
availability for pharmacotherapy will continue to grow. Due to the complexity of the 
endocannabinoid system, improved methods for directly probing and monitoring it in 
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vivo are needed for future research. Thus, imaging the CBi receptor in vivo will be a 
tremendous advance as we attempt to further our understanding of the endocannabinoid 
system. 

POSITRON EMISSION TOMOGRAPHY 

Positron emission tomography (PET) is an imaging technique that capitalizes on the 
unique properties of positron emitting isotopes 96 . These unstable isotopes contain fewer 
neutrons than the more common stable isotope (e.g,. n C vs. 12 C), and attain stability by 
emitting a positron from a proton in the nucleus (Fig. 4). The parent proton then 
transmutes into a neutron, and the ejected positron travels a short distance before 
encountering an electron. The positron, which has the same mass but opposite charge of 
the electron, annihilates with the electron in a momentum conserved collision. As a 
result, their mass is converted into energy in the form of identical gamma rays 180° 
apart with energy of 511 keV each. Taking advantage of this geometry, PET 
incorporates radioactivity detectors, called scintillators, in a ring and records the time it 
takes each gamma ray to reach either side. Thus, by near-coincidence detection a three 
dimensional image can be constructed. 

Many positron emitting isotopes are biologically important atoms, such as carbon, 

fluorine, nitrogen, and oxygen. 
Therefore, these isotopes can be 
incorporated into biologically active 
molecules and used to study living 
systems. Advantages of PET compared 
to other imaging techniques include the 
ability to image proteins and metabolic 
processes, and to do so with a high 
sensitivity (i.e., can measure very low 
concentrations) and selectivity (i.e., can 
select target of choice). Therefore, PET 
is a useful tool for imaging and 
quantifying neuroreceptors 97 , and for 
psychopharmaceutical development 98 ' 99 . 
The relatively short radioactive half -life 
of the isotopes minimizes the radiation 
dose to the subject; however it can also 
create challenges in synthesizing 
complex molecules in a short amount of 
time. 

Principles in radiotracer design 

A major challenge in PET research is the design and evaluation of successful 
radioligands. Successful radioligands used in PET studies differ in quality from those 
used for in vitro studies 100 , or from compounds typically considered for 
pharmacotherapy 101 . Unlike in vitro studies in which radioligand can be washed away, 




Figure 4. Physics of the PET camera. Positrons (e + ) 
are emitted from a proton within the nucleus of an 
isotope (e.g. U C, l8 F). The positron encounters an 
electron (e") and they annihilate, sending bidirectional 
gamma emissions of equal energy, which are 
coincidentally detected by the PET camera. 
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radioligands used in vivo should dissociate from their target and wash out of the tissue 
within a reasonable period of time so that pharmacokinetic measurements can be made. 
Likewise, compounds considered for drug development may not always be candidates 
for use in PET due to high non-specific binding, high plasma protein binding, or 
metabolite profile. Drugs developed for clinical therapy often have a large area under 
the curve (i.e., available in concentrations that have therapeutic effect for a long time), 
which would be associated with pharmacokinetics too slow for a reversibly binding 
PET tracer. In addition, drugs for clinical therapy do not require as high a selectivity or 
specific binding as a PET tracer does. 

An ideal radioligand for use in PET should have several properties (Table i) 98 - 102 4 . Due 
to the short half -life of PET radioisotopes, radiolabeling of a PET tracer must be done 
quickly and easily. The radioligand should have a high concentration of radioactivity 
(specific activity) to avoid significant receptor occupancy and pharmacological effects, 
and be prepared in a safe formulation. Once injected, a radioligand must easily enter the 
brain with high uptake, and not be a substrate for any efflux transporters. Once in the 
brain, the radioligand should bind only to the receptor of interest (high selectivity) with 
sufficient binding affinity, and have a high signal to noise ratio (low non-specific 
binding). In order to facilitate pharmacokinetic modeling, the radioligand should bind 
reversibly from the 

receptor, allowing it to Table 1. Characteristics of successful PET radioligands 
washout of brain "Typical" radioligands CB t receptor radioligands 

within the scan time, 
and potentially be 
displaced by another 
ligand, whether 
agonist, antagonist, or 
inverse agonist. In the 
periphery, the 
radioligand should be 
cleared quickly, and 
not be metabolized into 
radioactive metabolites 
that can cross back into 
the brain. 

Radioligands for the CBj receptor should follow the guidelines outlined above, with a 
few possible exceptions. First, cannabinoid ligands are quite lipophilic (due to the 
transmembrane domain binding site) and are prone to binding non-specifically to lipids 
and proteins in brain, or binding avidly to proteins in plasma, preventing their entry into 
brain. Therefore, radioligands for the CBj receptor should have a moderate 
lipophilicity, which may be higher than more typical PET radioligands. Second, A 9 - 
THC and several other cannabinoid ligands are partial substrates for the P-glycoprotein 
efflux transporter 105 , and thus careful screening of potential candidate ligands should be 
executed to ensure they are not substrates as well. Third, the receptor density of CBj 
receptors in brain is very high, and thus the binding affinity need not be as high as that 
for other receptors found with much lower densities. Finally, due to the high density of 



Low lipophilicity Moderate lipophilicity 

Penetration and high uptake in brain 

High affinity Moderate to high affinity 

Reversible binding and washout within scan time 

High selectivity 

Low non-specific binding 

No accumulation of radiometabolites in brain 

Easily radiolabeled with PET isotope 

Lack of efflux transporter affinity 

, ._ . . Moderate specific activity 

High specific activity 

acceptable 



11 



In vivo imaging of the CB] receptor using PET 



CBi receptors, the requirement for high specific activity needed for most radioligands 
would not be expected to be as strict. 



Pharmacokinetic modeling 



Legend: 

radioligand 
red btood cell 




Figure 5. Tissue compartment models. A) The one-tissue and B) 
two-tissue compartment models depict the kinetics (K u k 2 , h, k A ) 
and concentration of radioligand in blood and tissue (C T ). The two- 
tissue compartment model accounts for radioligand that is non- 
displaceable (C ND ) and specifically bound (C s ). 



A major advantage of PET 
imaging is the ability to 
quantitatively measure 
radioactivity in a target 
organ. In the case of 
neuroreceptor imaging, this 
means that receptor density 
can be quantified if an 
appropriate PET ligand is 
used correctly. The 
quantitative method will 
vary depending on the 
characteristics of the 
receptor and the radioligand, 
both of which influence the 
pharmacokinetic model used 
during analysis. The 
purpose of the 



pharmacokinetic model is to describe the observed data in a physiologically meaningful 
way, quantitatively, and accurately. A complete derivation and discussion of 
pharmacokinetic models used in PET may be found elsewhere 106 a condensed 
description relevant to this thesis is provided below. 



The standard pharmacokinetic models for neuroreceptor imaging are the one- and two- 
tissue compartment models. In brief, these assume that radioligand delivered by arterial 
blood will be taken up into a tissue until equilibrium is reach between the freely 
available radioligand in the blood and tissue (Fig. 5A). In the one-tissue compartment 
model, the concentration of radioligand would be dependent on the rate of entry, the 
rate of exit, and the concentration of radioligand in the blood and tissue: 



dC T (t) 
dt 



= K l C p (t)-k 2 C T (t) 



(Eq. 1) 



The rates of entry (Ki) and exit (k 2 ) are defined by rate constants. The concentration of 
radioligand observed in the tissue compartment (Or) would be dependent upon the 
concentration of radioligand available in the plasma, which varies over time as 
radioligand in plasma is cleared. The concentration of radioligand in plasma (Cp) over 
time can be measured and modeled independently, and is termed the input function. 
Mathematically, these can be recombined and described as a convolution: 



C T (t) = K l e 4 



(Eq. 2) 
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Following a bolus injection, the convolution can be solved with an impulse response 
function and subsequently integrated, which reduces to: 

n dt i I dt 



C T =|uc p (Eq.4) 



v 2 



where Ct and Cp are the respective concentrations in tissue and plasma integrated from 
time of injection to infinity. The ratio of the two is called distribution volume (V T ): 

C-r A\ 

V T =-L = -I (Eq.5) 

Note that this is equivalent to the relationship of the two compartments and their rate 
constants during steady-state equilibrium. That is, when the two compartments reach 
equilibrium: 

Cr'K^Cj'k-, (Eq.6) 

In the two-tissue compartment model, the radioligand can be conceptualized as being in 
a "non-displaceable compartment," which represents radioligand non-specifically 
bound to proteins or lipids or is free in tissue, and a "specifically bound" compartment, 
which represents radioligand bound to a receptor (Fig. 5B). Similar to Eq. 1, the two 
compartments can be described as: 



dC ND (t) 
dt 



■■ K { Cp (0 - k 2 C ND (t) - k 3 C,™ (0 + k 4 C s (t) (Eq. 7) 



^^- = k 3 C m) (t)-k A C s (t) (Eq.8) 
dt 

As in the one-compartment model, the rate of radioligand entering and exiting the 
second compartment is determined by rate constants, k 3 and k 4 . Both compartments are 
observed in tissue together by the PET camera. Thus, 

C t =Cnd + C s (Eq.9) 

After combining Eqs. 7 and 8 into Eq. 9, the full derivation of distribution volume 
reduces to: 

V ^ = C :L= K L+ KA (Eq 1Q) 
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Based on these models (Fig. 5) and the derivations above, one can attribute the 
physiological relevance of the parameters in Eq. 10 to in vivo imaging with respect to a 
radioligand 107 : 

K\ is the rate constant of entry from arterial plasma into brain tissue 
ki is the rate constant of exit from brain back to arterial plasma 
k 3 is the rate constant of binding to the receptor, which is determined by the 
amount of radioligand free in the non-displaceable compartment, the number 
of receptors available for binding, and the rate of association (i.e., binding) to 
the receptor 

fct is to the rate constant of dissociation from the receptor 

Vt is distribution volume, and at equilibrium is proportional to receptor density 



Mathematically, one can see how 
distribution volume can be 
described in two ways: by 
integrals and by rate constants. 
The ratio of integrals, or areas 
under the curve, of radioligand in 
tissue (e.g., brain) divided by 
radioligand in arterial plasma 
gives a conceptual understanding 
to the definition of distribution 
volume. Over the course of the 
entire study the brain was exposed 
to the amount of radioligand 
available in plasma (i.e., the input 
function), and the brain responded 
by taking up the radioligand (Fig. 
6). Unfortunately, we cannot 
always measure the complete area 
under the curve because of the 
short radioactive half-life or slow 
pharmacokinetics of the 
radioligand. Fortunately, dis- 
tribution volume can also be 
described using rate constants 
(Eqs. 5 and 10). If the input 
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Figure 6. Example of time-activity curves. Distribution 
volume (V T ) is equal to the AUC of radioactivity in brain 
divided by the radioligand in plasma taken to an infinite 
time. 



function is known, then an iterative computational estimate of the rate constants can be 
performed that best matches the tissue curve. An iterative process is necessary because 
it is impossible to perform a reverse convolution. This analysis can be performed with 
only part of the entire curve of brain or plasma data, however enough of the curve- 
shape must be observed for it to be successful, in particular the tissue uptake, peak, and 
initial decline. 



A few assumptions need to be observed when considering the pharmacokinetic models 
described here. It is important to keep in mind that what is measured during a PET 
study is radioactivity in brain and radioligand in plasma. Therefore, radioactivity not 
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due to parent radioligand (e.g., radiometabolites) that enter brain cannot be 
distinguished from radioactivity in brain due to the parent radioligand, and could cause 
an overestimation of V T . Second, PET uses tracer concentrations of radioligand, which 
assumes the radioligand is given in amount too small to have a pharmacological effect, 
yet represents the entire population of targets. Finally, these PET experiments assume 
the system being probed is unchanging during the study (e.g., the number of receptors 
available are constant). 

Considerations in translational research with PET 

Translational research can be defined as "studies at the interface of the bench and 
bedside" for which "the information flow is bidirectional 108 ." Currently, the 
development of PET radioligands for human use is primarily conducted by this method, 
where a candidate radioligand is discovered in the laboratory, evaluated in animals, 
tested in humans, and possibly refined in the lab and/or animals before being tested 
again in humans. Generally, new radiolabeled compounds are tested in rodents or non- 
human primates to investigate their brain penetration, degree of specific binding, and to 
ensure the lack of pharmacological effects. This discovery process is highly favored 
due to its decreased development time and cost compared to traditional drug 
discovery 109 . However, these model species are not always predictive of how PET 
radioligands may behave in humans, as there may be dramatic interspecies differences 
in drug disposition and targeting. In addition, appropriate preparations should be made 
before commencing a PET study in humans. 

An example of the dramatic differences in drug metabolism between species can be 
illustrated with the PET radioligand [ 18 F]SP203. Initial studies of [ 18 F]SP203 in rodents 
demonstrated that it was metabolized in the brain by a glutathione transferase 
mechanism, trapping radiometabolites in the brain 110 . Subsequent studies in monkeys 
showed that it was quickly metabolized in blood, creating radiometabolites that could 
enter the brain. However, human studies with [ 18 F]SP203 have not reproduced either of 
these metabolic processes, and [ 18 F]SP203 has been demonstrated to be a useful PET 
tracer for mGluRf receptors in human 111 . If preclinical studies had decided the fate of 
[ 18 F]SP203, it would probably not have been considered a hopeful candidate 
compound, and its success in human would not have been realized. 

A common problem in PET radioligand development is the susceptibility of candidate 
compounds to be effluxed from the brain by the permeability-glycoprotein transporter 
(P-gp), the gene product of MDR1 1 12 . For this reason, new radioligands are often tested 
in wild type and P-gp knockout mice or in monkeys before and after treatment with P- 
gp inhibitors. However, the interspecies difference of P-gp selectivity can be dramatic, 
as reflected by the relatively low amino acid sequence homology 113 . 

In addition to differences in metabolism and brain penetration of potential PET 
radioligands, the characteristics of the intended target may be different between species. 
For example, several radioligands have been developed for imaging translocator protein 
(18kDa) (formerly known as peripheral benzodiazepine receptor, PBR), a biomarker 
for inflammation. In non-human primates, these compounds generally show 
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appreciable brain uptake and are quantified by two-tissue compartment models. When 
studied in humans, these PET tracers show much less brain uptake, and modeling can 
be confounded by a large amount of non-specific binding. The explanation lies partially 
in the fact that TSPO is expressed approximately 20 times more in non-human primate 
brain than in human brain 1 14 

With so many potential pitfalls in extrapolating data from animals to humans, when is it 
appropriate to use animals for PET radioligand development? Animals should be used 
when a procedure would otherwise cause death, disability, or undue pain in a human. 
For example, disease models involving neurotoxic drugs or certain stress-inducing 
psychiatric experiments would be unethical in humans. However, animals must be 
tested and euthanized in a humane manner, and their use should be reduced, refined, 
and replaced whenever possible. Second, animals should be used when a procedure has 
unknown consequences in a human. This would be the case for any new drug; PET 
radioligands are typically administered at tracer doses, which by definition are below 
pharmacologically active concentrations. Nevertheless, caution would dictate that new 
radioligands be briefly tested in animals before injected into humans. Finally, animals 
should be used when it would be otherwise impossible to obtain information from 
human, in vitro, or in silico experiments. For example, mice with inactivated genes 
(knockout mice) can provide information on gene expression, function, and 
pathophysiology that is impossible in humans 115 . While certain in vitro and in silico 
assays are under development for predicting a PET tracer's P-gp affinity 116 or brain 
uptake and non-specific binding 117 , such models need to be verified by in vivo findings, 
and therefore animals are still preferred. 

PET reduces the overall burden of research in both animals and humans, providing in 
vivo information on pharmacokinetics, pharmacodynamics, and neurochemistry by 
non-invasive means. For example, PET studies can provide evidence for future efficacy 
of novel therapeutics 118 thereby shortening drug development time, and facilitate 
diagnosis of diseases confirmed only by autopsy 119 . Accelerating drug development and 
improving diagnostic procedures would impact populations of patients, and so PET 
studies conducted for that purpose must be properly designed and powered. Compared 
to other research modalities such as genetics or MRI, studies with PET typically use 
smaller sample sizes due to cost and availability. However, large variability of the 
measured parameter(s) may exist within a healthy or patient population, which may 
increase the chance of type I or II error in a study. Thus, careful consideration must be 
given to the study methods and design in order to maintain the benefits of knowledge 
gained over the risks exposed to research subjects. 

The quantitative methods for accurately analyzing data from PET studies in brain can 
become quite rigorous and can demand measurements that are considered invasive. By 
itself PET imaging is considered a non-invasive procedure, and much qualitative and 
quantitative information can be garnered from the resulting images alone. However 
when developing and evaluating a new radioligand for PET, assurances must be made 
that the radioactivity observed either represents or can be corrected to represent the 
actual concentration of the desired target (e.g., receptor, transporter, enzyme, etc.). This 
can be achieved in multiple ways; however none of them are without risk. The most 
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accurate, and most invasive, method would be to simultaneously measure radioactivity 
in brain while directly measuring the chemical composition and target density in brain. 
A much less invasive method involves the use of an arterial catheter in the wrist to 
measure the concentration of parent radioligand in arterial plasma over time, which is 
used as an input function (described previously in "Pharmacokinetic modeling"). This 
technique cannot directly measure whether confounding radiometabolites enter the 
brain, and the placement of an arterial catheter can be painful and, rarely, can result in 
lasting pain or numbness. Probably the least invasive technique for analyzing PET data 
quantitatively is by comparing a target rich brain region with a target devoid brain 
region, otherwise known as a reference region. Typically, a reference region has been 
verified to have no specific binding by the radioligand in either post-mortem brain 
samples or in vivo after pharmacological doses of an antagonist. In some cases there 
may not be a suitable reference region available for a particular target, and this method 
would not provide accurate results if used to measure target density. Error or false 
assumptions in any of these qualitative methods increase the chance that results do not 
represent true findings, and decrease the risk to benefit ratio. 

A limitation of PET studies in human is the use of radioactivity. The impact and effect 
of radiation exposure from a typical PET study on human health are not completely 
agreed upon 120 . Therefore, research using PET should be well designed to ensure that 
the general benefit of knowledge gained outweighs the risk involved with radiation 
exposure. Such preparations include the estimation of radiation dose anticipated from 
the study (summarized as effective dose), the proper amount of injected radioactivity 
for the study, and determining the minimum time required to complete the study before 
substantial radioactive decay. In clinical research, the burden of radiation exposure falls 
on the subjects enrolled in the study. A good radioligand with high selectivity, 
specificity, and good pharmacokinetics will provide superior accuracy and precision, 
requiring fewer subjects to reach the study endpoints, reducing the overall radiation 
burden. 

PET IMAGING OF CBt RECEPTORS 

Due to the involvement of cannabinoid receptors in numerous diseases and their 
potential for targeted drug development, the desire for a radioligand to image 
cannabinoid receptors quickly emerged. Before a radioligand that directly targets the 
CBi receptor was developed, PET studies attempting to unlock the effects of 
cannabinoids were performed using [ ls O]water or [ l8 F]FDG l2M23 . While these studies 
are interesting, their measure of blood flow and metabolism in the brain do not directly 
probe CBi receptors. Recent advances in CBi pharmacology have improved the 
selectivity of candidate radioligands, and decreased lipophilicity has improved their 
uptake in brain, allowing direct imaging of the CBi receptor. 

Early attempts 

The development of a selective radioligand for imaging the CBi receptor has been an 
area of intense interest and struggle for many years. The first attempt at designing a 
radioligand for CBi receptor imaging took the logical approach of radiolabeling a close 
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analogue of A 9 -THC 124 . Unfortunately, the relatively low affinity and high lipophilicity 
of ((-)-5'-[ 18 F]Ruoro-A 8 -THC likely caused high non-specific binding and low 
availability of free radioligand in plasma (i.e., that not bound to plasma proteins) able to 
cross into the brain. The discovery of rimonabant facilitated higher chemical selectivity 
for the CB i receptor, and as a result spawned the development of several CB i receptor- 
selective radioligands. [ 123 I]AM251 demonstrated increased selectivity for CB ; 
receptors, however the high lipophilicity was again the likely cause of minimal brain 
uptake of the radioligand 125 . A closely related analog, [ 123 I]AM281/[ 124 rjAM281, had 
less lipophilicity, but also much less affinity for CBi receptors; as a result studies in 
patients with Tourette syndrome ([ 123 I]AM281) 126 and schizophrenia ([ 124 I]AM281) 127 
demonstrated moderate uptake in brain and high non-specific binding. Two other 
radioligands, [ 18 F]AM5144 and [ n C]SR149080 (also known as [ n C]NIDA41020), 
were evaluated in monkey and were not considered for human use because of either 
high lipophilicity and poor brain uptake 128 , or an insufficient signal expected in human 



"Second generation " ligands 

Recently several promising PET radioligands for the CB i receptor have been reported 
with significant improvements over their predecessors. In the fall of 2006 the group 
from Johns Hopkins reported [ 1 C]JHU75528 in non-human primate brain 130 . Also 
known as [ n C]OMAR, the rimonabant -like compound was designed with a lower 
lipophilicity than its predecessors, while retaining high CBi receptor affinity. While 
[ U C]JHU75528 demonstrated moderate uptake in mouse and baboon brain, the 
analytical method for quantitation of CBi receptors used a reference tissue model based 
on either thalamus or pons as a background region. Though the results of this method 
correlated with results using compartment modeling, the validity of this model would 
be contingent on thalamus and pons being devoid of CB i receptors; autoradiography 22 
and other PET studies (Burns et al., 2007 and Yasuno et al., 2008; discussed below) 
indicate they are not. In addition, in spite of the relatively fast kinetics of the 
radioligand, quantitative measurements of [' ^11111175528 in brain did not reach stable 
measurements in mice or baboons within the observation period. Additional work using 
[ n C]JHU75528 in humans has been reported, but the detailed results, such as kinetic 
modeling data and parameter variability, have not yet been released 131 ' 132 . Analogs of 
[ n C]JHU75528 recently designed with decreased lipophilicity and CBi receptor 
binding affinity have been evaluated in mice, which suggests they may be improved 
radioligands for in vivo imaging 133 . 

In the spring of 2007 the group from Merck Research Laboratories reported [ 18 F]MK- 
9470 in humans and non-human primates. An analog of taranabant, [ 18 F]MK-9470 has 
a 60-fold selectivity for CBi over CB 2 receptors, is not a P-gp substrate in vitro, has 
moderate lipophilicity, and good entry into brain 134 . In both monkeys and humans, 
radioactivity increased in brain up to about 120 minutes after bolus injection with 
[ 18 F]MK-9470, and concentrations of radioactivity did not appear to decline, even 
though concentrations of the radioligand in arterial plasma decreased throughout the 
length of the scan 135 . For these reasons, brain studies using [ 18 F]MK-9470 were 
analyzed using a pharmacokinetic method designed for irreversible PET radioligands 136 



18 



Introduction 



which simply uses the area under the curve (AUC) of radioactivity in brain after a 
period when measurements have stabilized (e.g., 120 - 180 minutes after injection). 
However, when challenged with taranabant the radioactivity quickly washed out of 
brain, indicating that [ 18 F]MK-9470 undergoes reversible binding at the CBi receptor. 
Nevertheless, using this analytical method the authors found [ l8 F]MK-9470 had good 
precision (retest variability <7%) and intersubject variability (16%), and could be 
utilized in receptor occupancy studies with taranabant 135 ' 137 . Several other studies using 
[ l8 F]MK-9470 have since been reported, such as an investigation of brain uptake in rats 
after treatment with antiepileptic drugs 138 , a demonstration of increased CBi receptor 
availability with age in women but not in men 139 , and an association of decreased CBi 
receptor availability in healthy subjects with novelty-seeking temperament 140 . While 
the results of these studies are intriguing, they were analyzed without correcting the 
amount of radioactivity in brain by the amount of radioligand in arterial plasma, and are 
therefore susceptible to pharmacokinetic variables from the periphery that may affect 
the delivery of the radioligand to brain (e.g., metabolism, distribution, excretion which 
could change radioligand concentration). 

Imaging [ n C]MePPEP in monkey brain 

A third PET radioligand for CBi receptors, [ n C]MePPEP, was created in a 
collaborative effort between Lilly Research Laboratories, the National Institute of 
Mental Health, and Karolinska Institutet. [ n C]MePPEP was designed to have high 
affinity and selectivity for the CBi receptor, yet have a more moderate lipophilicity 
compared to earlier attempts at CBi receptor PET tracers. Compared to rimonabant 
MePPEP has about 10 times higher binding affinity, and has >700 times greater 
selectivity for CBi than CB 2 . 

The first publication of [ n C]MePPEP reported results in rhesus monkey 141 , and was 
released at about the same time as [ n C]JHU75528 and [ l8 F]MK-9470. Like 
[ n C]JHU75528 and [ l8 F]MK-9470, [ n C]MePPEP demonstrated reversible binding 
with high specificity and selectivity for the CBi receptor; however [ n C]MePPEP had 
higher uptake in brain (almost 600% SUV) than either of the other two radioligands. 
Serial measurements of radioactivity in brain and parent radioligand in arterial plasma 
were used to estimate distribution volume. When assessed by compartmental analysis 
and pharmacological blockade, the specific binding of [ n C]MePPEP was 
approximately 89%. Similar to results found with [ 18 F]MK-9470, there did not seem to 
be any region of the brain that was completely devoid of specific binding; even the 
pons, a region of low CB i receptor density, demonstrated 70% specific binding. After 
inhibiting P-gp transporters with the drug DCPQ, brain uptake increased by about 17%. 
However, since free fraction also increased by 10% it was concluded that the increased 
brain uptake was due to displacement of radioligand from plasma proteins by the P-gp 
inhibitor, and that [ u C]MePPEP is not a significant substrate for P-gp. 

The authors also pointed out some limitations of [ n C]MePPEP that could be 
problematic in future studies. First, the free fraction of [ n C]MePPEP, the fraction that 
was not bound to proteins in arterial plasma, was very low, about 0.05%. Such a low 
free fraction may have prohibited radioligands for other targets from any appreciable 
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accumulation in brain, however the extremely high density of CBi receptors in brain 
was likely the reason this low free fraction was overcome. Nevertheless, a low free 
fraction remained a concern, since seemingly small changes in the bound fraction could 
have dramatic changes in free fraction. For example, a change of bound fraction from 
99.9% to 99.8%, which could be caused by competitive binding by a drug, would 
correspond to a change of free fraction from 0.1% to 0.2%, or a 100% increase. Second, 
it was unknown if any radiometabolites generated from [ u C]MePPEP were present in 
brain. The authors pointed out that an assessment of radiometabolites in brain should be 
investigated if [ n C]MePPEP were to be used in humans. Finally, the relatively slow 
washout of [ n C]MePPEP from monkey brain raised concerns that if a slower washout 
rate were observed in humans, the radioactive half -life of n C would limit the time 
needed to attain accurate measurements of distribution volume. 

The results obtained from rhesus monkey were promising that [' 'CJMePPEP might be a 
clinically useful radioligand for PET imaging of CBi receptors. Further evaluation 
confirming the lack of P-gp affinity, the specificity for CBi receptors, and the ability to 
determine distribution volume parameters in a clinically relevant time with 
[ H C]MePPEP were warranted. Additionally, investigation was needed to assess if an 
endogenous agonist could displace [ n C]MePPEP, which would allow the radiotracer to 
be used assess endocannabinoid tone. Finally, estimates of radiation exposure resulting 
from clinical scans needed to be calculated in order to assess the radiation burden 
anticipated in future studies. 
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AIMS 

1. To completely assess the in vivo properties of [ 'CJMePPEP as a PET tracer in 
rodents (paper I). 

2. To determine if [ u C]MePPEP is suitable to image and quantify CB ; receptors 
in human brain, (paper II). 

3. To determine if [ 18 F]FMPEP-<i2 can provide more precise and accurate outcome 
measures than its analogue [ n C]MePPEP. (paper III) 

4. To observe the biodistribution and to estimate the radiation dose expected from 
participating in scans with either [ n C]MePPEP or [ 18 F]FMPEP-J 2 - (paper IV) 
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MATERIALS AND METHODS 

A brief summary of methods, results, and discussion of the research on CBi receptor 
radioligands are presented here. Full copies of the published or submitted publications 
follow. 

SUBJECTS 

Studies in rodents included male Sprague-Dawley rats, age-matched P-gp knockout 
(mdr-la/lb{-/-)) and wild type mice (mdr-la/lb(+/+)), and CBi knockout (CNR1(-/-)) 
and wild type mice (CNR1(+/+)). All rodents were anesthetized with 1.5% isoflurane in 
oxygen, and body temperatures were maintained between 36.5 and 37.0 °C with a 
heating pad or lamp. 

Studies in male rhesus monkeys were conducted at least 90 minutes after 
immobilization with ketamine, and maintained with 1-2% isoflurane anesthesia. Head 
movement was restricted in a stereotactic frame. Heart rate, blood pressure, and 
respiration were monitored throughout the length of the scan. Body temperature was 
maintained with a forced air warming unit. All animal procedures were performed in 
accordance with the Guide for Care and Use of Laboratory Animals and approved by 
the National Institute of Mental Health Animal Care and Use Committee. 

All human subjects were free of current medical and psychiatric illness based on 
history, physical examination, electrocardiogram, urinalysis including drug screening, 
and blood tests including complete blood count, serum chemistries, thyroid function 
test, and antibody screening for syphilis, HIV, and hepatitis B. The subjects' vital signs 
were recorded before radioligand injection and several intervals afterwards. Subjects 
repeated urinalysis and blood tests within 24 hours after the end of the PET scan. All 
studies performed in human were approved by the local Institutional Review Board and 
were conducted under either an Exploratory Investigational New Drug or regular 
Investigational New Drug application submitted to the FDA. 

RADIOLIGANDS AND PHARMACOLOGICAL DRUGS 

The synthesis and radiolabeling of all 
radioligands used in this thesis has been 
described in detail in the doctoral thesis of 
Sean Donohue 142 . [ H C]MePPEP was 
studied in rodents and humans, 
[ n C]FMePPEP, [ 18 F]FEPEP, and 
[ 18 F]FMPEP were studied in monkeys, and 
[ l8 F]FMPEP-J 2 was studied in monkeys and 
humans (Fig. 7). All radioligands were 
obtained in high radiochemical purity (> 
99%). Radioligands were administered to 
rodents as a bolus injection through either 

the tail vein (mice) or penile vein (rats), Figure 7. Structure of [ n C]MePPEP and its 
followed by small saline flush, analogues . 
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Radioligands were administered to rhesus monkeys and humans as a one minute 
infusion through either the tibial (monkey) or antecubital (human) vein, followed by a 
small saline flush. 

All pharmacological challenges in rodents were administered at 40 min after 
radioligand injection, which was between 15 and 20 min after peak uptake of 
radioligand in brain. Rimonabant (3 mg/kg, IV) was administered in a dose known to 
displace [ n C]MePPEP in monkey brain 141 . Doses of CBi agonist agents anandamide, 
methanandamide, CP 55,940, and the FAAH inhibitor URB597 were chosen based on 

ii • • 93 143-145 

amounts reported to have central nervous system activity ' 

Radioligands assessed in rhesus monkeys were reassessed after pretreatment with 
rimonabant (3 mg/kg, IV), which was administered 30 minutes before radioligand 
injection. 1 ^-radioligands were reassessed the same day, while 18 F-radioligands were 
reassessed three weeks after the initial assessment. 

PET IMAGING 

Studies in rodents were performed using the Advanced Technology Laboratory Animal 
Scanner (ATLAS) 146 The ATLAS camera can accommodate a single rat or a pair of 
mice, allowing a paired wild type and knockout mouse to be imaged simultaneously. 
Serial dynamic scans began at the time of injection and continued with multiple frames 
of increasing duration from 20 seconds to 20 minutes, for 100 minutes over 23 frames. 
Images were reconstructed by a 3D ordered-subset expectation maximization algorithm 
into 17 coronal slices with 3 iterations, resulting in a resolution of about 1.6 mm full 
width at half maximum 147 ' 148 . The data were not corrected for attenuation or scatter. 

Studies with rhesus monkeys were performed in the high resolution research 
tomography (HRRT; Siemens/CPS, Knoxville, TN, USA), which has a reconstructed 
resolution of 2.5 mm at full-width half-maximum in all directions in 3D mode. A 
transmission scan was initially performed for attenuation correction. PET data was 
collected in multiple frames of increasing duration from 30 seconds to 5 minutes. Scans 
of 120 min (33 frames) were acquired in studies with "C-labeled radioligands, whereas 
longer scans (45 frames over 180 min) were acquired in studies with 18 F-labeled 
radioligands. 

Human subjects participating in brain studies were scanned using a GE Advance 
camera (GE Healthcare; Waukesha, WI). Dynamic PET scans were acquired in 3D 
mode in multiple frames of increasing duration from 30 seconds to 5 minutes. Studies 
with [ n C]MePPEP lasted up to 150 or 210 min, and studies with [ 18 F]FMPEP-d 2 lasted 
up to 300 min. Subjects were given one 30 minute break during studies with 
[ H C]MePPEP lasting 210 min, and three 30 min breaks during studies with 
[ 18 F]FMPEP-J 2 . Data were reconstructed with 3D filtered back-projection and a 
Hanning filter, resulting in an image resolution of 7.0 mm full width at half maximum. 
All PET images were corrected for attenuation and scatter. Head movement was 
restricted with a thermoplastic mask and was further corrected by intrasubject 
alignment during reconstruction. Subjects participating in the [ H C]MePPEP retest 
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studies had the test scan in the morning and the retest scan in the afternoon, whereas 
subjects participating in the [ 18 F]FMPEP-c?2 retest studies had at least 2 weeks between 
the test and retest scans. 

Human subjects participating in the whole body studies were also scanned using a GE 
Advance, but with a different acquisition. In brief, each subject was imaged in seven 
contiguous 15-cm bed positions (head to upper thigh) in either 14 frames for 
[ H C]MePPEP or 16 frames for [ 18 F]FMPEP-d 2 , each of increasing duration (15 seconds 
to 4 min) for a total scan time of 120 or 300 min, respectively. To minimize extraneous 
motion, head movement was restricted with a thermoplastic mask and subjects' arms 
and abdomen were wrapped with body-restraining sheets. All PET images were 
reconstructed with ordered subset expectation maximization image reconstruction and 
were corrected for attenuation. Subjects injected with [ 18 F]FMPEP-d2 had three rest 
periods (30 min each) outside the camera, beginning at approximately 120, 180, and 
240 min after injection. During this time, all voided urine was collected for 
measurement of radioactivity. The subject then returned to the scanner and was 
positioned in, and affixed to, the same approximate location on the bed as for the first 
scan. Five subjects studied with [ 18 F]FMPEP-fif2 collected their urine for 24 hours, from 
which radioactivity was measured the next day using a gamma counter that was cross- 
calibrated with the PET camera. 

ANALYSIS 

Tomographic images and kinetic data from all studies were analyzed with pixel-wise 
modeling computer software (PMOD Technologies, Zurich, Switzerland). 
Radioactivity was decay-corrected to time of injection and expressed as standardized 
uptake value (SUV), which normalizes for injected radioactivity and body weight: 

SUV= Radioactivity per g tissue x g bQ(jy Eq n 

Injected radioactivity 

To estimate the density of CBi receptors in brain, an input function was analyzed as 
linear interpolation of the concentrations of radioligand in arterial plasma before the 
peak, and a tri-exponential fit of concentrations after the peak. Rate constants (Ki, kj, 
fcj, and fc 4 ) in standard one- and two-tissue compartment models 107 were calculated with 
weighted least squares and the Marquardt optimizer. Brain data of each frame of PET 
data were weighted by assuming that the standard deviation of the data is proportional 
to the inverse square root of noise equivalent counts. To correct the brain data for its 
vascular component, radioactivity in serial whole blood was measured and subtracted 
from the PET measurements, assuming that cerebral blood volume is 5% of total brain 
volume. The minimum scanning time necessary to obtain stable values of distribution 
volume (Vt) was determined by removing 10 minute segments of PET data from the 
terminal portion of the scan. 

Regions of interest in rodent brain were identified relative to a rat 149 or mouse 150 brain 
stereotactic atlas. Genetic knockout mice were compared to wild-type mice, and 
pretreated rodents were compared to untreated rodents, by assessing the total area 
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under the curve (AUC) of radioactivity in brain. To estimate the density of CB ; 
receptors in rat brain, blood was sampled under continuous flow from the femoral 
artery for the first 3 min, followed by intermittent samples until the end of the scan. 
Compartmental modeling in four rats using 2 h PET data and serial arterial plasma 
concentrations of [ n C]MePPEP separated from radiometabolites were used to 
compute distribution volume. To assess the presence of radioactive metabolites in 
rodent brain, brain tissues were harvested 30, 60, 90, and 120 minutes after 
radioligand injection. 

Studies in monkeys were performed as previously described 141 . Arterial blood samples 
were collected from the femoral artery through an indwelling catheter. Monkeys 
receiving 1 'C-radioligands were scanned and had blood sampled from 15 s to 120 min, 
while those receiving l8 F-radioligands were scanned and had blood sampled from 15 s 
to 180 min after radioligand injection. Specific binding was determined by: 

„ „ -r- , • (V T baseline - V T preblock) ^ 

% Specific binding = — rf^ — x 100% Eq. 12 

Vt baseline 

For human brain studies, PET images were spatially normalized to a standard anatomic 
orientation (Montreal Neurological Institute, or MNI, space) based on transformation 
parameters from a magnetic resonance image (MRI). Normalizing PET images to the 
MNI template allowed use of a set of predefined volumes of interest from the 
automated anatomical labeling (AAL) atlas 151 . Six regions were defined from these 
preset volumes and analyzed: prefrontal cortex (303 cm 3 ), occipital cortex (172 cm 3 ), 
hippocampus including parahippocampus (32 cm 3 ), putamen (17 cm 3 ), thalamus (17 
cm 3 ), and cerebellum (171 cm 3 ). Two additional regions, pons (6.5 cm 3 ) and white 
matter (8.3 cm 3 ), were not available from the AAL atlas, and thus were manually drawn 
on the MNI template and added to the AAL library of predefined volumes. To estimate 
the density of CBi receptors in human brain, blood samples were drawn from the radial 
artery from 15 seconds to 120 minutes for [ u C]MePPEP and 15 seconds to 270 
minutes for [ 18 F]FMPEP-J2- The plasma time-activity curve was corrected for the 
fraction of unchanged radioligand by radio-HPLC separation, as previously 
described 152 . 

In the whole body studies with [ n C]MePPEP, thyroid, brain, heart, lungs, liver, 
gallbladder, spleen, kidneys, red marrow, and intestine were visually identifiable as 
source organs. To estimate the residence time of red marrow and bone, regions of 
interest were placed on lumbar vertebrae and on radii and ulnae. To estimate the 
residence time of intestine, a large region of interest was placed on the abdomen. 
After injection of [ 18 F]FMPEP-^2, brain, heart, lungs, liver, gallbladder, spleen, 
kidneys, bone, red marrow, intestine, and urinary bladder were visually identifiable as 
source organs. Lumbar vertebrae and radii and ulnae were again used to estimate the 
residence time of red marrow and bone. Large regions were placed to encompass all 
accumulated radioactivity in each organ. 



25 



In vivo imaging of the CB] receptor using PET 



CALCULATIONS AND SIMULATIONS 

For all studies, group data are expressed as mean + standard deviation (SD). Goodness- 
of-fit by the compartment models was determined with F statistics 153 , the Akaike 
Information Criterion (AIC) 154 and the model selection criteria (MSC) 155 . The most 
appropriate model is that with the smallest AIC and the largest MSC values. The 
identifiability of the kinetic variables was calculated as the standard error (SE), which 
reflects the diagonal of the covariance matrix 156 . Identifiability was expressed as a 
percentage and equals the ratio of the SE to the rate constant itself. A lower percentage 
indicates better identifiability. 

For studies in humans, intersubject variability was calculated as SD divided by the 
mean. Retest variability was calculated as the absolute difference between the test and 
retest studies, divided by the mean of the two. Intraclass correlation coefficient (ICC) 
was calculated for retest studies and compares the relative variation within subjects to 
between subjects. Values of ICC were calculated by: 

(BSMSS-WSMSS) 

ICC = Eq. 13 

(BSMSS+WSMSS) 

where BSMSS equals mean of summed squares between subjects, and WSMSS equals 
mean of summed squares within subjects. Values between and 1 indicate that 
variability is higher between subjects than within subjects; values close to 1 suggest 
good reliability. Values between -1 and indicate that variability is higher within 
subjects than between subjects and suggest poor reliability. 

Simulations were performed as part of this thesis to aid in interpreting the relevance 
and impact of the results. The first simulation evaluated whether brain uptake of either 
[ H C]MePPEP or [ 18 F]FMPEP-rf2 is an accurate measurement of CBi receptor density in 
humans. The average input function and rate constants obtained from all human studies 
were used to calculate brain uptake and distribution volume (see equations from section 
on pharmacokinetic modeling). Increased and decreased receptor densities were 
predicted by corresponding changes in £3. The expected number of subjects needed to 
detect these simulated changes in receptor density was estimated using the intersubject 
variability obtained from PET measurements. Estimation of sample sizes for a two- 
tailed independent samples ?-test was made assuming a=0.05 (probability of type I 
error) and P=0.20 (probability of type II error, i.e., power of 80%). Another simulation 
analyzed the contribution of radioactivity from skull to that measured in brain based on 
resolution of the camera and the distance between skull and adjacent brain regions. 
Conservative assumptions were made that would tend to overestimate these values, and 
relative values of radioactivity measured in brain and skull were used to reflect 
collected data. 

Radiation dosimetry estimates from human were calculated as follows. Organ uptake 
was corrected for radioactivity recovered (i.e., the amount actually measured) by the 
PET camera. Some of the source organs were not confined to a single bed position and 
were calculated using a time point weighted by the average of organ radioactivity in the 
two frames. The area under the curve of each organ was calculated to the end of 
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imaging (120 min for [ n C]MePPEP, 300 min for [ 18 F]FMPEP-d 2 ) by the trapezoidal 
method. The area after the last image to infinity was calculated by assuming that further 
decline of radioactivity occurred only by physical decay without any biological 
clearance. The area under the curve of the fraction of measured injected activity from 
time zero to infinity is equivalent to the residence time. Residence time of bone was 
estimated based upon that in radius and ulna, which lack red marrow in adults 157 , and 
extrapolated to that of all bone in the body. The residence time of all bone was divided 
between trabecular and cortical regions according to the mass ratio of these two regions 
(1:4). The residence time of red marrow was estimated from lumbar vertebrae after 
subtracting the bone component estimated from relative amounts in radii and ulnae. 
The residence time of all red marrow in the body was extrapolated from the 12.3% 
represented in lumbar vertebrae. The residence times for the intestinal tract were 
determined using the ICRP 30 intestine model 158 , in which the highest percentage of 
injected activity measured in the intestines during the scanning session was designated 
as entering the small intestine. Total activity in the collected urine was added to that 
measured in the urinary bladder in the PET scan to determine total radioactivity 
excreted after injection. The cumulative activity in urine was decay corrected and 
expressed as a fraction of injected activity. The resulting curve was fitted with a mono- 
exponential function to estimate total radioactivity excreted at infinite time. To 
calculate the residence time of remainder of the body, the residence time of all source 
organs was summed and subtracted from the fixed theoretical value of Tic / In 2, which 
equals 0.490 hours for U C and 2.640 hours for 18 F. Radiation absorbed doses were 
calculated by the mean residence time for each source organ using OLINDA 1.0/EXM 
software 159 for a 70-kg adult male and a dynamic urinary bladder model, with voiding 
interval of 2.4 hours. 
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RESULTS AND DISCUSSION 

PET IMAGING USING AN INVERSE AGONIST RADIOLIGAND TO ASSESS 
CANNABINOID CB! RECEPTORS IN RODENTS (PAPER I) 

Rodents enabled us to evaluate [ H C]MePPEP in ways that would be either impossible, 
unethical, or expensive in either monkeys or humans. In addition, we were able to 
affirm that our results were not limited by a single experimental method. 

We used genetically modified mice to confirm that [ u C]MePPEP is not a substrate for 
P-gp and has high specificity for the CBi receptor. First, when P-gp knockout mice 
were compared to wild type mice after injection of [ n C]MePPEP and scanned for 100 
minutes, there was no difference between the two groups. This result was also found by 
ex vivo studies of wild type and P-gp knockout mice which corrected radioactivity in 
brain to radioligand in plasma. We also used CB i receptor knockout mice to find that 
approximately two-thirds of radioactivity after injection of [ n C]MePPEP is specific for 
CBi receptors in mouse brain (Figure 8 A). 

Rodents afforded us the chance to use high doses of drugs for pharmacological 
challenges against [ n C]MePPEP (Figure 8B). First, we found that rimonabant both 
blocked and displaced about two-thirds of the radioactivity in mouse and rat brain as 
assessed by PET, in agreement with our results using knockout mice. Second, we found 
that high doses of CBi receptor agonists were unable to cause any displacement or 
block of [ n C]MePPEP binding in brain. We used the endocannabinoid anandamide, a 
metabolically stable analogue methanadamide, the FAAH inhibitor URB597 (which 
raises anandamide concentration in brain) both alone and combined with anandamide, 
and the highly potent synthetic agonist CP 55,940 at doses that caused pharmacological 
effects. None of these challenges were able to cause any change in uptake or retention 
of [ n C]MePPEP in brain as assessed by PET. We confirmed these findings by ex vivo 
experiments using mass spectrometry, in which rimonabant caused >90% displacement 
of MePPEP, whereas CP 55,940 caused no displacement. 
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Figure 8. [ n C]MePPEP in rodent brain. A) Compared to a wild type mouse (□), the CBi receptor 
knockout (A) mouse has about 1/3 radioactivity in brain. B) Drugs were administered IV to rats 40 min 
after [ u C]MePPEP. Compared to the baseline curve (■) inverse agonist rimonabant (o) displaced the 
majority of radioligand, whereas agonists anandamide (A), methanandamide (V ), CP 55,940 (0), 
URB597 (anandamide reuptake inhibitor, x), and URB597 with anandamide (+) were unable to displace 
the radioligandand. 



28 



Results and discussion 



Rodents also afforded us the ability to perform invasive procedures directly comparing 
[ H C]MePPEP in brain to observed radioactivity. Two such ex vivo studies have already 
been mentioned: those performed in P-gp knockout mice, and those performed in rats 
after pharmacological challenge with mass spectrometry. We also compared 
measurements of distribution volume over time to direct measurements of radioactivity 
composition in brain over time as assessed ex vivo. Using serial brain measurements 
and radioligand concentration from arterial blood, we found that distribution volume 
asymptotically reached a stable value over time, and that 90% of that value was reached 
within 70 minutes. While stable values of distribution volume generally assumes the 
absence of radiometabolites in brain, we found that radiometabolites of [ n C]MePPEP 
were present in brain, although at a constant percentage of about 13% from 30 to 120 
minutes. 

This study demonstrated that [ n C]MePPEP is not a substrate for the P-gp transporter, 
has high specificity for the CB i receptor, can be displaced by inverse agonists but not 
agonists, and that stable measurements of distribution volume can be attained within 70 
minutes. Our studies confirmed the earlier findings in monkey that [ n C]MePPEP is not 
a P-gp substrate, and using P-gp knockout mice avoided confounding pharmacological 
effects of P-gp inhibitors which have previously been described 160 . The high 
specificity of [ u C]MePPEP for CBi receptors was observed in both knockout mice and 
receptor blockade in rats by PET (two-thirds specific), in addition to the ex vivo mass 
spectrometry analysis in rats (>90% specific). [The discrepancy was due in part to the 
constant percentage of radiometabolites in brain over time, which was not detected by 
the mass spectrometry method.] Thus, these results provide confirmatory evidence that 
[ H C]MePPEP is specific for CBi receptors, suggesting that similar results would be 
seen in human brain. The inability of [ u C]MePPEP to be displaced by agonist suggests 
a large receptor reserve; that is, a small percentage of CBi receptors are in the high 
affinity, agonist preferring, state. Such an observation is important when preparing for 
studies with [ n C]MePPEP in human brain, as it indicates that competitive agonist 
studies similar to those performed using [ n C]raclopride would not be possible. Finally, 
we have shown that stable measurements of distribution volume do not necessarily 
mean the absence of radiometabolites in brain. In addition, the presence of 
radiometabolites in brain should be considered during the analysis of [ n C]MePPEP and 
its analogues in human studies. 

QUANTITATION OF CANNABINOID CB! RECEPTORS IN HEALTHY HUMAN 
BRAIN USING PET AND AN INVERSE AGONIST RADIOLIGAND (PAPER II) 

While animal studies can suggest that a PET radioligand will be successful clinically, 
the true outcome is not evidenced until the first in human experience. Therefore, we 
sought to evaluate [ u C]MePPEP in humans and assess its ability to image and 
quantitate CBi receptors. We used the generally recognized "gold standard" method of 
compartmental modeling which incorporates serial measurements of radioactivity in 
brain and parent radioligand in arterial blood into the outcome measure of distribution 
volume (Vt), an index of receptor density. 
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Initial scans in human brain using [ u C]MePPEP demonstrated that radioactivity 
concentrated in areas with high CBi receptor density, and decreased slowly over the 
150 minute study. The highest concentration of radioactivity in brain, typically 
achieved between 40 and 80 minutes after injection, had a relatively low intersubject 
variability (16%). When brain uptake of radioactivity was combined with 
concentrations of parent radioligand in arterial plasma to calculate V T , we found that the 
intersubject variability for this composite variable was much higher (>60%). 

Such discrepant intersubject variabilities would be expected if: 1) CBi receptor density 
was highly variable in our small sample; 2) our calculation of Vj was incorrect or 
unstable; or 3) our measurements of parent radioligand in arterial plasma were highly 
variable and had poor precision. The first supposition was unlikely based on studies 
with other PET radioligands, which typically have an intersubject variability of about 
20-30%. This hypothesis would also be impossible to prove without directly measuring 
receptor density by invasive means. The second possibility was unlikely based on 
measurements of Vr over time, which indicated that V T was consistently measured 
within about 60 minutes after injection of [ n C]MePPEP until the end of the 150 minute 
study. However, we did find that two subjects did not demonstrate stable measurements 
of V T until 120 minutes after injection, which we thought might be due to the slow 
washout of radioactivity from brain. Therefore, we wanted to conduct additional studies 
that were longer than 150 minutes to ensure that we were obtaining sufficient data to 
calculate V T accurately. Since the first two possibilities were unlikely, we suspected 
that the variability of V T was primarily due to high variability and poor precision from 
our measurements of parent radioligand in arterial plasma. Indeed, we found that 
models of the plasma data reflecting the clearance of the radioligand resulted in values 
that were highly unstable or non-physiological. Unfortunately, we were limited by the 
low concentration of [ n C]MePPEP in plasma and the radioactive half-life of U C (Ua = 
20.4 minutes) such that we were not able to obtain meaningful measurements after 120 
minutes. 



We conducted a retest study with 210 minute scans to evaluate the precision of our 
measurements in brain and plasma (Fig. 9), and the precision and stability of Vr- We 
found that the plasma measurements were the cause for the high variability of Vr 
previously encountered. The retest variability (which is inversely related to precision) 
of plasma measurements was 58%, whereas the retest variability of brain uptake and V T 
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Figure 9. [ C]MePPEP in human brain and plasma. A) Radioactivity in putamen (■), prefrontal cortex 
(□), cerebellum (•), pons (o), and white matter (x) were measured for 210 min, while B) radioligand 
(A) could be measured in arterial plasma for only 120 min. 
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were 8% and 15%, respectively. Thus, the relatively poor precision of the plasma 
measurements contributed to the higher within and between subject variabilities of Vt 
compared to those of brain uptake. Nevertheless, our measurements of Vt were highly 
stable over time, and we obtained consistent values from 60 to 210 minutes after 
injection. In addition to demonstrating that Vt had good precision, the stability of Vt 
suggests the absence of any radiometabolite accumulation in brain. The ICC of Vt (i.e., 
the sensitivity of distinguishing variability between subjects from within subjects) was 
considered good to excellent (0.87), and better than that that of brain uptake (0.77). 
Taken together, the stable measures of Vt, the high ICC of Vt, and the theoretically 
superior outcome measure of Vt compared to brain uptake suggests that Vt remains the 
more accurate index of CBi receptor density, in spite of the poor precision of plasma 
measurements. 



We were curious as to how much impact the higher accuracy of Vj had, compared to 
the higher precision of brain uptake, on the sensitivity in detecting changes of CBi 
receptor density using [ n C]MePPEP. To this end we created a simulation that varied 
the receptor density by altering the quantitative model we derived from our subjects. 
We found that Vt was much more sensitive in measuring changes of receptor density, 
particularly when receptor density 
was increased (Fig. 10). By 
incorporating the intersubject 
variability acquired from our 
measured data, we estimated the 
number of subjects required to detect 
such changes in receptor density. We 
found the superior precision of brain 
uptake enhanced its sensitivity to 
detect changes in receptor density, 
since it required fewer subjects than 
Vp to predict a 50% decrease in 
receptor density (8 vs. 26 subjects, 
respectively). However, the high 
precision of brain uptake could not 
compensate for the superior accuracy 
of Vt in predicting a 50% increase of 
receptor density (25 vs. 26 subjects 
required, respectively). 
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Figure 10. Simulated changes in brain uptake with 
variations of receptor density. Compared to V T (shown by 
a line), brain uptake measured from 40 to 80 (o), to 
210 (•), and 150 to 180 (□) minutes is less sensitive to 
changes in fe 3 , which reflects receptor density. 



This study demonstrated that [ n C]MePPEP is a suitable PET radioligand for imaging 
and quantifying CBi receptors in human brain. Our findings also support the use of 
compartment modeling as the "gold standard" to quantify receptor density, and that 
brain uptake uncorrected for parent radioligand in plasma is not appropriate for 
between subject comparisons. We found that precision of Vt was highly sensitive to 
variability from plasma measurements. In fact, we were limited not by brain 
measurements which we could collect throughout 10 half -lives of n C (due to the high 
uptake of [ n C]MePPEP in brain and PET camera sensitivity), but by low 
concentrations and radioactivity of [ n C]MePPEP in arterial plasma after 120 minutes. 
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Figure 11. [ n C]MePPEP and [ 18 F]FMPEP-rf 2 in human brain. PET images averaged from 40 to 80 
minutes after injection of [ n C]MePPEP (far left column) and from 30 to 60 min after injection of 
[ l8 F]FMPEP-rf 2 (far right column) and coregistered to the subject's MRI (middle column). PET and MR 
images are overlaid between their respective columns. All images are from the same subject. 
Standardized uptake value (SUV) corrects for body weight and injected radioactivity. 



Therefore, we sought to evaluate a radioligand that would provide improved precision 
of plasma measurements, and improved accuracy of V T . 

IMAGING AND QUANTITATION OF CANNABINOID CBj RECEPTORS IN 
HUMAN AND MONKEY BRAIN USING 18 F-LABELED INVERSE AGONIST 
RADIOLIGANDS (PAPER III) 

The simplest approach to developing a radioligand that would provide measureable 
concentrations of radioactivity for an extended time is to use a radionuclide with a 
longer radioactive half-life. Therefore, we evaluated three analogues of MePPEP 
labeled with 18 F (tin = 109.7 min; [ 18 F]FEPEP, [ 18 F]FMPEP, [ 18 F]FMPEP-d 2 ) and one 
labeled with n C ([ n C]FMePPEP), all of which were developed by a fellow graduate 
student at Karolinska Institutet and the National Institute of Mental Health 142 ' 161 . These 
analogues were all structurally similar to MePPEP, with similar lipophilicities and 
higher binding affinities. Since we had thoroughly evaluated [ n C]MePPEP in rodents, 
monkeys, and humans, we briefly evaluated these novel radioligands in monkey brain 
and chose the best one to proceed to human studies. 

We performed compartmental modeling in monkeys before and after blocking CBi 
receptors with rimonabant to find the amount of specific binding achieved by each 
radioligand. We found that [ n C]FMePPEP and [ 18 F]FEPEP had less than 73% specific 
binding, whereas [ 18 F]FMPEP had greater than 90% specific binding. Unfortunately 
[ 18 F]FMPEP also demonstrated a high amount of radioactivity uptake in bone as well, 
presumably due to free [ 18 F]fluoride which was formed as a metabolite from the parent 
radioligand. To reduce the formation of this troublesome metabolite which could 
confound PET measurements in brain, we developed [ 18 F]FMPEP-J 2 - The replacement 
of the fluoromethoxy group with the dideuterofluoromethoxy group has been 
previously shown to reduce the in vivo production of [ 18 F] fluoride 162 , and in fact we 
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found that [ 18 F]FMPEP-<i 2 resulted in about 1/3 less radioactivity up take in bone than 
[ 18 F]FMPEP. We also found that the specific binding of [ 18 F]FMPEP-d 2 was nearly 
90%, and that V T could be stably identified within 90 minutes. Therefore we proceeded 
with [ 18 F]FMPEP-d 2 in humans. 

We conducted retest studies using [ 18 F]FMPEP-<i 2 to evaluate the precision of plasma 
measurements and accuracy of V T . Similar to [ n C]MePPEP, [ i8 F]FMPEP-d 2 yielded 
high concentrations of radioactivity in areas of brain with high CBi receptor density 
within 20 to 60 minutes after injection (Fig. 11), with a similar between subject 
variability. However, [ 18 F]FMPEP-ii 2 demonstrated a much better retest variability of 
plasma measurements (16%). This increased precision of plasma measurements led to a 
much reduced intersubject variability of Vt (26%), and, in conjunction with an 
extremely good ICC (0.89), suggests an improved accuracy of Vt- The impact of this 
improved accuracy was demonstrated in our simulations predicting the number of 
subjects required to detect changes in CBi receptor density, as we had done with 
[ H C]MePPEP. We found that Vt was superior to brain uptake in detecting either a 50% 
increase in receptor density (7 vs. 39 subjects required) or a 50% decrease in receptor 
density (7 vs. 12 subjects required). 

A limitation that we encountered 
with [ 18 F]FMPEP-d 2 was an 
increasing value of V T after 120 
minutes (Fig. 12). Such a trend is 
consistent with an accumulation of 
radioactive metabolites in brain. 
We had also noted that 
radioactivity had accumulated in 
bone during the same time period, 
and wondered if that was the cause 
for our increase in Vt over time. To 
address this concern we created a 
conservative simulation predicting 
the contribution that radioactivity 
from the bone would contaminate 
measurements from brain and 
found that the amount was too 
small to be of practical consideration (<2%). Fortunately, V T was measured with 
consistent and stable values from 60 to 120 minutes after injection, and therefore 
limiting scans to 120 minutes should avoid confounding changes to the accuracy of Vt- 

The plasma free fraction of both [ n C]MePPEP and [ l8 F]FMPEP-d 2 in human was very 
low (approximately 0.05% and 0.63%, respectively). The retest variability was 
excellent; however the intersubject variability was quite large. We suspect this was 
partly due to the nature of such low values, since small differences would be 
disproportionately large in percentage. Nevertheless, we found including free fraction 
in our analysis actually decreased the precision and accuracy of our outcome 
measurements. While correcting our measurements for free fraction would be 
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Figure 12. Distribution volume (Vt) of putamen and its 
identifiability as function of image acquisition time. V T (■) 
was normalized to the value determined from 120 minutes 
of imaging and plotted with the y-axis on left. The 
corresponding SE (o), which is inversely proportional to 
identifiability, is plotted with the y-axis on right. V x wa s 
stably identified between 60 and 120 min but gradually 
increased thereafter. 
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technically correct, we decided it added too much noise to our measurements to be 
considered in practice. Still, a low free fraction would be expected to have 
consequences as to the amount of radioligand available to enter brain in the case of a 
pharmacological challenge, as a proportionately large amount of radioligand could be 
displaced from plasma proteins and made available to enter brain. 

This study demonstrated that [ 18 F]FMPEP-<i2 can provide robust measurements of CBi 
receptor density as Vr. We observed that increased precision of plasma measurements 
led to an increased accuracy of Vr, and that [ 18 F]FMPEP-ii2 has greater precision and 
accuracy than [ n C]MePPEP (Table 2). As such, [ l8 F]FMPEP-d 2 will require smaller 
sample sizes than [ n C]MePPEP to detect significant differences between groups (e.g., 
patients vs. healthy subjects). Therefore, we suggest using [ 18 F]FMPEP-<i2 for future 
clinical studies measuring CBi receptor density. 



Table 2. Comparison of ["C]MePPEP and [ 18 F]FMPEP-^ 2 





[ n C]MePPEP 


[ 18 F]FMPEP-d 2 


Distribution Volume 






Vt (hiL • cm" 3 ) 


12-29 


13-24 


Intersubject variability 


>50% 


26% 


Retest variability 


15% 


14% 


Brain uptake 






Peak in putamen (SUV) 


3-4 


3-4 


Intersubject variability 


16% 


14% 


Retest variability 


8% 


16% 


Plasma AUCn-~ 






Intersubject variability 


>200% 


0.13 


Retest variability 


58% 


16% 


Radiation Dose 






Effective dose (uSv/MBq) 


4.6 


19.7 


Intersubject variability 


(n = 17) 


(« = 8) 


Retest variability 


(n = 8) 


(n = 9) 



Three striking differences are highlighted in bold. The intersubject variability of V T _ 
and the intersubject and retest variability of plasma AUC [ u C]MePPEP are much 
higher than those of [ l8 F]FMPEP-c( 2 . 



BIODISTRIBUTION AND DOSIMETRY IN HUMANS OF TWO INVERSE 
AGONISTS TO IMAGE CANNABINOID CB! RECEPTORS USING PET (PAPER 
IV) 

Clinical PET studies have an associated radiation burden that can impact the amount of 
radioactivity used per study, and the number of studies that can be safely performed in 
a year. The radiation exposure from a PET study is dependent on the radioisotope and 
the biodistribution of the radioligand in the body. As a radioligand distributes in the 
body it will accumulate in some organs, where radiation will be both absorbed and 
emitted to neighboring organs. This process impacts the amount of radiation a given 
organ will receive, and could restrict the amount of radioligand that can be safely 
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2 min 25 min 100 min 280 min 

Figure 13. Biodistribution of A) [ n C]MePPEP and B) [ 18 F]FMPEP-a! 2 in human at several times after 
injeciton of radioligand. 



administered during a study. Therefore, it is important to understand the biodistribution 
of PET radioligands and to estimate the anticipated radiation exposure during a typical 
PET study. 

We performed whole-body imaging studies with [ n C]MePPEP and [ 18 F]FMPEP-d 2 and 
observed the distribution and elimination of the radioligands. Both radioligands 
demonstrated high uptake of radioactivity in liver, lungs, and brain, and to a lesser 
extent in kidneys, heart, and spleen (Fig. 13). The majority of radioactivity in liver was 
likely due to parent radioligand that was metabolized and excreted in bile, as 
radioactivity accumulated in the gallbladder and was subsequently emptied into the 
small intestine. This appeared to be the only method of excretion for radioactivity from 
[ H C]MePPEP, while radioactivity from [ 18 F]FMPEP-J2 also accumulated in the urinary 
bladder and was collected in voided urine. By modeling the amount of radioactivity 
collected from urine over time we estimated that about 33% of radioactivity from 
[ 18 F]FMPEP-<i2 was excereted in urine. 

We observed accumulation of radioactivity in bone marrow in studies of both 
radioligands. The pattern of radioactivity accumulation in bone was consistent with 
areas rich in bone marrow, such as vertebrae, pelvis, and ribs. We confirmed that 
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radioactivity was not largely due to accumulation in bone itself by measuring 
radioactivity in bones devoid of bone marrow. Those bones had very little radioactivity 
compared to bones rich in bone marrow. We suspect that some of the uptake in red 
marrow is specific to CBi receptors present there, as monkeys demonstrated about 20% 
specific binding when compared before and after dosing with rimonabant (unpublished 
data). 

The effective doses (i.e., overall radiation doses) of [ n C]MePPEP and [ 18 F]FMPEP-J 2 
are similar to other n C and 18 F-labeled radioligands. Thus, these radioligands could be 
used multiple times per year in an individual in a clinical setting. Our analysis of 
biodistribution also revealed that these radioligands have high proportional uptake in 
brain (8 - 10%) compared to other radioligands used for brain imaging, and are 
primarily cleared through the liver. The uptake of the radioligands in peripheral tissues 
with CBi receptors (liver, bone marrow, heart) suggest that they may be useful for 
imaging organs other than the brain or in diseases marked by CBi receptor 
overexpression (i.e., cancer), though additional studies are needed to address this 
possibility. 
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CONCLUSIONS 

The studies enclosed in this thesis have shown that [ H C]MePPEP and [ 18 F]FMPEP-d 2 
have high specificity for CBi receptors, can be displaced by another inverse agonist, 
and can be quantified as distribution volume ( V T ), an index of receptor density. To date, 
these are the only radioligands for CBi receptors for which full kinetic modeling data 
has been reported. In addition, we found that [ n C]MePPEP is not a substrate for the P- 
gp efflux transporter, and that it could not be displaced by endogenous or synthetic 
agonists. Therefore, these PET tracers should only be used for measuring changes or 
differences in receptor density, or for measuring receptor occupancy by inverse 
agonists; they should not be used for measuring receptor occupancy by agonists or 
endocannabinoid tone. Finally, both [ n C]MePPEP and [ 18 F]FMPEP-d 2 have an 
estimated radiation dose similar to that of other PET radioligands, and can be used 
safely in the clinical setting. 

We suggest the use [ 18 F]FMPEP-d 2 in scans no more than 120 minutes with 
intermittent sampling of arterial blood to measure the density of CB i receptors between 
patients and healthy controls. Studies involving pharmacological doses of drugs should 
include measurements of free fraction to rule out confounding effects of radioligand 
displacement from plasma proteins. While [ 18 F]FMPEP-rf 2 is the preferred radioligand, 
["C]MePPEP may be used if multiple studies per day in the same subject is desired. 
We expect that these radioligands will add tremendous value to the investigation of 
CBi receptor physiology, and the role CBi receptors play in neurological, psychiatric, 
and metabolic diseases. 
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FUTURE PERSPECTIVES 

CBi AGONIST RADIOTRACER 

Recently, much interest has been paid toward development of agonist radioligands. 
Agonist radioligands demonstrate preference for the high affinity, or G-protein bound, 
state, and are highly susceptible to competition from endogenous agonists. For 
example, a radioligand for high affinity dopamine D 2 receptors, [ H C]MNPA, 
demonstrates nearly twice the amount of displacement from dopamine than an 
antagonist, such as [ u C]raclopride 163 . Results from paper 1 in this thesis suggest that 
inverse agonists may not be susceptible to displacement by endogenous agonists since a 
very small proportion of receptors may be in the high affinity state. Therefore, 
development of an agonist radiotracer may provide tremendous insight into the 
endocannabinoid system. 

If an agonist radiotracer for the CB ; receptor were developed, several experiments 
probing the endocannabinoid system could be conceived. First, displacement of the 
radioligand by endogenous agonist could occur after blocking FAAH, as performed in 
paper 1, to approximate the endocannabinoid tone. Additional studies blocking the 
endocannabinoid transporter, endocannabinoid carriers, MAGL, or COX-2 selectively 
or in combination, could estimate the relative activity and metabolism of anandamide 
and 2-AG in brain. Studies involving the stimulation or inhibition of primary 
neurotransmitters could also be performed to gauge the relative response of 
endocannabinoids in the neuromoldulatory process of GABA, glutamate, and 
dopamine. 

Development of an agonist radiotracer is likely to be difficult. Most existing agonists 
do not have high selectivity for the CBi receptor. Indeed, one of the first attempts to 
develop a radioligand to image CBi receptors was [ 18 F]A 8 -THC, however A 8 -THC 
exhibits nearly equal selectivity for CBj and CB 2 receptors and has a prohibitively high 
lipophilicity. Very few CB i agonists have the moderate lipophilicity required for a PET 
tracer; a notable exception is the aminoalkylindole class of agonists, typified by WIN- 
55,212-2. Finally, the development of an agonist radioligand may face the complexities 
posed by partial agonism and functional selectivity, which may present the CBi 
receptor with altered binding conformations for agonists. 

IMAGING OTHER TARGETS OF THE ENDOCANNABINOID SYSTEM 

As we gain a better understanding of the endocannabinoid system and its components, 
new targets for PET radioligand development will emerge. Development of compounds 
that inhibit FAAH for use in pharmacotherapy is underway, as it may be useful in the 
treatment of diseases such as depression 164 . Therefore, a radioligand for FAAH would 
be useful, and several candidates have already been proposed 165 . Similarly, radioligands 
for the putative endocannabinoid transporter and MAG lipase would permit further 
investigation of their function. Candidates for imaging CB2 receptors have already been 
developed 166 , and a successful radioligand would be useful in the examining the role of 
CB 2 receptors in pain and inflammation. Currently, no PET radioligands have been 
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reported for GPR55 (a suspected cannabinoid receptor) or TRPV1 (a receptor to which 
anandamide binds), targets which could expand our understanding of the 
endocannabinoid system. 

IMAGING THE ENDOCANNABINOID SYSTEM IN THE PERIPHERY 

The focus of this thesis has been on the imaging and quantitation of CB ; receptors in 
brain. However, several disease processes outside of the brain involve alterations in 
CBi receptor expression, and would therefore be candidates for imaging using a CBi 
receptor-selective PET tracer. For example, CB| receptors have been associated with 
liver cirrhosis, cardiovascular regulation, and certain types of cancers 61 . At present, 
insufficient data is available to determine if [ n C]MePPEP or [ l8 F]FMPEP-J 2 would be 
optimal for use in peripheral imaging of diseases, and what the optimal method of 
analysis would be for that analysis (radioactivity concentration vs. distribution volume). 
More research as to the appropriate use of these tracers for imaging CBi receptors 
outside the brain needs to be performed. 
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